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ABSTRACT: Charged, solvent-exposed residues at the entrance to the substrate binding site (gatekeeper residues) produce
electrostatic dipole interactions with approaching substrates, and control their access by a novel mechanism called “electrostatic
gatekeeper eﬀect”. This proof-of-concept study demonstrates that the nucleotide speciﬁcity can be engineered by altering the
electrostatic properties of the gatekeeper residues outside the binding site. Using Blastocystis succinyl-CoA synthetase (SCS, EC
6.2.1.5), we demonstrated that the gatekeeper mutant (ED) resulted in ATP-speciﬁc SCS to show high GTP speciﬁcity.
Moreover, nucleotide binding site mutant (LF) had no eﬀect on GTP speciﬁcity and remained ATP-speciﬁc. However, via
combination of the gatekeeper mutant with the nucleotide binding site mutant (ED+LF), a complete reversal of nucleotide
speciﬁcity was obtained with GTP, but no detectable activity was obtained with ATP. This striking result of the combined mutant
(ED+LF) was due to two changes; negatively charged gatekeeper residues (ED) favored GTP access, and nucleotide binding site
residues (LF) altered ATP binding, which was consistent with the hypothesis of the “electrostatic gatekeeper eﬀect”. These
results were further supported by molecular modeling and simulation studies. Hence, it is imperative to extend the strategy of the
gatekeeper eﬀect in a diﬀerent range of crucial enzymes (synthetases, kinases, and transferases) to engineer substrate speciﬁcity
for various industrial applications and substrate-based drug design.
The landmark models like “lock and key”1 and “inducedﬁt”2 of enzyme speciﬁcity have revolutionized the ﬁeld of
enzymology. Enzyme speciﬁcity is a very important character-
istic of enzymes and makes them indispensable research tools
in the ﬁeld of biotechnology. There are studies that have been
undertaken to engineer coenzyme speciﬁcity and redesign
secondary structures,3−6 and numerous eﬀorts have been made
to achieve desired enzyme speciﬁcity. From a wider perspective,
enzyme speciﬁcity is based on molecular interactions between
proteins and interacting partners like other proteins, DNA, and
ligands. These molecular associations are thought to be driven
by interaction free energies arising from structural features like
hydrogen bonding and amino acid propensity inside the
substrate binding site.7 A precise understanding of these
interactions requires in-depth analysis of the factors governing
these associations. Structural analysis of macromolecules and
their interacting partners remains the most promising method
for deciphering the rules governing these associations.
Molecular recognition of cognate and noncognate ligands by
proteins is a well-known occurrence, normally explained by
sequence speciﬁcity and steric availability inside the binding
site, but less understood when proteins have to distinguish
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between very similar ligands like adenine (A) and guanine (G).
Precise determinants of A/G speciﬁcity in purine binding
proteins are still unclear. To explain the molecular recognition
of A and G in nucleotide binding proteins, it was proposed that
the distribution of hydrogen bond donors and acceptors from
protein atoms and purine rings might be used to diﬀerentiate
ATP-speciﬁc binding sites from GTP-speciﬁc binding sites.7
The insuﬃciency of this proposed mechanism in explaining
molecular discrimination led Basu et al. to re-examine the
question of discrimination between A and G by nucleotide
binding proteins. Focusing on the electrostatic potential (ESP)
of purine binding sites showed a clear correlation in ESP
patterns and A/G speciﬁcity across protein families.8 This study
established the role of a strong electrostatic component for
molecular discrimination by calculating the ESP of each binding
site. Earlier discoveries also showed that individual amino acids
do contribute in the overall electrostatic ﬁeld of a protein that
can be calculated by a continuum solvent model.9 The
electrostatic properties of amino acids in the active site would
be of considerable importance as changing the charge of the
constituent amino acids in the catalytic site resulted in altered
function and overall stability of the protein,9,10 but monitoring
the eﬀects of changing the electrostatic properties of amino
acids in the protein−ligand interactions, at sites near or outside
the binding site, still need to be investigated promptly as this is
still a gray area of research in the ﬁeld of enzymology.
Previously, computational analysis using enzyme models of
SCS (succinyl-CoA synthetase) from Blastocystis, Escherichia
coli, and Sus scorfa (pig) has identiﬁed residues interacting with
ligands (ATP and GTP).11 Strong dipole moments of both
ATP and GTP were proposed to be responsible for
discriminating nucleotides at the rim surrounding the binding
site in Blastocystis SCS. Modeling and unbinding simulations of
the complexes with nucleotides showed that GTP ﬂipped to
180° with a signiﬁcant decrease in energy, while there was no
change in ATP orientation.11 An “electrostatic gatekeeper
eﬀect” has been hypothesized, which stated that the electro-
static properties of gatekeeper residues inﬂuence nucleotide
speciﬁcity and GTP is restricted from binding to ATP-speciﬁc
SCS due to this eﬀect.
Being a TCA cycle enzyme, SCS has been studied in detail;
its biochemical characterization has been performed, and crystal
structures of the enzyme from various organisms have been
determined.12−15 To the best of our knowledge, there is no
experimental evidence available for engineering nucleotide
speciﬁcity on the basis of electrostatic properties of gatekeeper
residues; therefore, our study is a novel and successful attempt
to validate the “electrostatic gatekeeper eﬀect”. Via a
combination of site-directed mutagenesis, enzyme kinetics,
modeling, and simulation studies, our results clearly demon-
strated that electrostatic dipole interactions control nucleotide
access, and additionally, crucial nucleotide binding site residues
prevented ATP binding in Blastocystis SCS. Crystal structures of
SCS from E. coli (nonspeciﬁc, ATP and GTP) and pig (GTP-
speciﬁc) are available and well-studied. Blastocystis SCS here
represents the ATP-speciﬁc isoform of the enzyme, and there is
not much available information about the molecular mechanism
of nucleotide speciﬁcity in various isoforms. Therefore, we have
chosen Blastocystis SCS (ATP-speciﬁc) to validate our “electro-
static gatekeeper eﬀect” and to understand the molecular basis
of nucleotide speciﬁcity.
Blastocystis is a strict anaerobic human intestinal parasite,
which possesses organelles having mitochondrial as well as
hydrogenosomal features.16 SCS is particularly important in
Blastocystis because hydrogenosomes do not have the ability to
generate energy through oxidative phosphorylation and SCS
generates ATP through substrate-level phosphorylation.11 The
proposed metabolic pathways of mitochondria like organelles in
Blastocystis have been shown to have an incomplete Krebs cycle.
Coupling of succinate:succinyl-CoA cycling with acetate
formation in Blastocystis has been suggested to conserve the
energy of the thioester bond, which is further used in ATP
formation.16 Because SCS plays a crucial role in energy
generation in anaerobic parasites, its role in the life cycle of
these parasites is indispensable and it may be targeted in drug
discovery. There are other biochemically important enzymes
like transferases and kinases from various organisms on which
this gatekeeper hypothesis can be tested, and this information
would improve our understanding of enzyme speciﬁcity of
closely related ligands.
■ EXPERIMENTAL METHODS
Blastocystis SCS consists of two subunits, SCSα and SCSβ.
SCSα and SCSβ genes were separately ampliﬁed from
Blastocystis hominis strain NandII cDNA using primers listed
in Table S1. Both SCSα and SCSβ subunits were cloned into
the pET28a vector (Novagen) separately using appropriate
restriction enzymes as mentioned in Table S1. All mutants were
generated by using the Q5 site-directed mutagenesis kit (New
England Biolabs). A list of gatekeeper residues and their
resultant net charges at the surface of the binding site of
enzymes are listed in Table S2. All clones containing SCSα,
wild-type SCSβ, and diﬀerent mutants were sequenced to
conﬁrm the orientation and open reading frame (ORF) for
protein expression with a particular mutation. Positive clones of
SCSα, SCSβ, and diﬀerent mutants of Blastocystis were
recombinantly produced in a bacterial expression system as
described previously.11 The SCSα subunits of Blastocystis were
expressed as a soluble protein and further puriﬁed by Ni-NTA
aﬃnity chromatography as described previously.11 Pellets for
SCSβ subunits were processed for isolation of inclusion bodies
(IBs), because SCSβ subunits of Blastocystis were expressed as
IBs. The puriﬁcation of SCSβ subunits was performed as
described previously.17−19 After sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) analysis,
puriﬁed fractions were pooled and concentrated with a 10
kDa cutoﬀ Centricon (Vivaspin). Buﬀer exchange was
performed with 6 M Gn-HCl and 50 mM Tris-HCl (pH 8.0)
until a ﬁnal volume of 1 mL was reached.
Diﬀerent refolding conditions were tried for puriﬁed,
denatured SCSα and SCSβ of Blastocystis as described
previously.19−21 The maximal activities of enzymes were
obtained when SCSα and SCSβ subunits were ﬁnally mixed
in an equal ratio and refolded by 100-fold dilution in optimized
refolding buﬀer containing 50 mM Tris-HCl, 25% glycerol, 25
mM DTT, and 100 μM MgCl2 (pH 7.2). The ﬁnal protein
concentration in refolding buﬀer was 50 μg/mL, and the
protein was incubated overnight at 4 °C while being mildly
stirred. Refolded protein was centrifuged at 15000 rpm for 30
min at 4 °C to remove particulate matter, and the supernatant
was concentrated using a 10 kDa cutoﬀ Centricon (Vivaspin).
Circular dichroism experiments were performed on a
JASCO-815 spectropolarimeter at the Central Instrumentation
Facility of the University of Delhi (South Campus, New Delhi,
India). Puriﬁed and refolded proteins were exchanged in 10
mM sodium phosphate buﬀer (pH 7.2) and concentrated using
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a 10 kDa cutoﬀ Macrosep (Pall Life Sciences). All experiments
were performed in a quartz cell with a path length of 1 mm.
Circular dichroism (CD) signals were monitored between 190
and 260 nm at 25 °C. CD spectra were ﬁnally measured by
taking the average of the three best scans.
Kinetics of wild-type and mutant enzymes were determined
as described previously11 with some modiﬁcations. The assay
buﬀer consisted of 129 μM CoA, 10 mM sodium succinate, 50
mM KCl, 10 mM MgCl2, and 50 mM Tris-HCl (pH 7.4).
Recombinant wild-type and mutant enzymes were analyzed for
kinetic parameters with given concentrations of nucleotides. In
each assay of Blastocystis SCS, 30 nM enzyme was used. The
reaction was speciﬁcally followed by formation of the succinyl-
CoA bond at 232 nm. Kinetic parameters were calculated from
three independent batches of wild-type and mutant enzymes,
using GraphPad Prism 5.
Modeling and Molecular Dynamics Simulations.
Model structures of Blastocystis SCS (wild type and mutants),
one with GTP and another with ATP as ligands, were
generated with Modeler 9v13 using pig SCS [Protein Data
Bank (PDB) entry 2FP4]14 and E. coli SCS (PDB entry
1CQI)13 structures as templates, respectively. Each model
consists of two subunits, SCSα and SCSβ, and their respective
ligands. The SCSα subunit has the binding site for coenzyme A
(CoA), while the SCSβ subunit has the nucleotide binding site.
Because the pig SCS structure does not have CoA coordinates
in it, CoA coordinates were introduced from the E. coli SCS
structure into the models with GTP. The best models were
selected on the basis of the DOPE score and used for further
analysis. Electrostatic surfaces were produced using the EF-surf
server and visualized in PDB jviewer.22 To observe protein−
nucleotide interactions more realistically, we conducted
simulations for ATP and GTP starting from the predicted
complex models of the wild type, the gatekeeper mutant (ED),
the nucleotide binding site mutant (LF), and the combined
mutant (ED+LF). The topologies for ATP and GTP were
taken from the AMBER Parameter Database (http://www.
pharmacy.manchester.ac.uk/bryce/amber/)23 followed by con-
version to GROMACS 5.1.224 format using an Acpype python
script.25 The coordinate and topology ﬁle of the protein was
generated using the pdb2gmx program of the GROMACS
package taking parameters from the AMBER99sb-ildn force
ﬁeld and using TIP3P as the water model. All eight complexes
of ATP and GTP (wild type and ED, LF, and ED+LF mutants)
were preliminarily subjected to energy minimization with a
tolerance of 1000 kJ mol−1 nm−1 with the steepest descent
method. All bonds were constrained using P-LINCS. After
minimization, a short NVT (ﬁxed volume and temperature)
MD simulation (200 ps) with positional restraints applied to
each system was used to soak the macromolecule into the
solvent. A time step of 2 fs was used in all cases, and the
systems were coupled to a temperature bath at room
temperature using V-rescale, a thermostat that uses velocity
rescaling with a stochastic term. Long-range electrostatics was
handled using the PME method. Then, two short MD
simulations under NPT conditions (ﬁxed temperature and
pressure) were performed in which positional restraints were
scaled down from 1000 to 100 and from 100 to 0 to facilitate
better equilibration of the system. A pressure of 1 bar was
coupled using Berendsen’s method. Lastly, a production of 15
ns was performed separately for each system with a time step of
2.0 fs and no positional restraints. Trajectories and energy
components all were written every 10 ps. Binding free energy
calculation methods have emerged as a powerful tool for
providing quantitative measures of protein−ligand interactions.
In this work, the speciﬁcity of a molecule is determined by
estimating the binding free energies of ATP and GTP for both
wild-type and mutant complexes using molecular mechanics
and Poisson−Boltzmann surface area (MM-PBSA) calculations.
In MM-PBSA, the binding energy is evaluated according to eq
1:
Δ = Δ + Δ + Δ − ΔG G G T SEMMbind psolv npsolv (1)
where EMM represents the molecular mechanics contribution
expressed as the sum of internal, electrostatics, and van der
Waals contributions to binding in vacuo followed by polar
(ΔGpsolv) and nonpolar (ΔGnpsolv) contributions to solvation
free energies. The polar solvation energy is calculated by
solving the PB equation, while the nonpolar solvation energy is
usually computed by the solvent accessible surface area (SASA)
model, the most commonly used nonpolar model. The entropy
term (TΔS) is excluded from the calculation for relative
studies; hence, binding energy will not be comparable to the
absolute binding energy. g_mmpbsa was used to calculate
binding free energies and also to estimate the energy
contribution per residue to the binding energy. The energy
components ΔEMM, ΔGpsolv, and ΔGnpsolv of individual atoms
were calculated in the bound and unbound form, and
subsequently, their contribution to the binding energy of
residue x, ΔRx, was calculated. The entropy contribution is not
included in g_mmpbsa,26 so this binding energy will not be
comparable to the absolute binding energy but to the relative
binding energy. The root-mean-square deviation (RMSD)
calculations were performed for the whole protein backbone,
the nucleotide binding domain residue backbone (residues 1−
251 of SCSβ), the nucleotide interacting residue backbone, and
the nucleotides (ATP and GTP). The binding free energies of
all eight complexes were calculated by the program g_mmpbsa
using molecular dynamics simulation trajectories. All energy
components, ΔEMM, ΔGpsolv, and ΔGnpsolv, for each complex
were calculated every 10 ps from the production trajectory
between 10 and 15 ns. g_mmpbsa also provides a script to
calculate per-residue decomposition, i.e., the contribution of
each residue to binding. In this study, we consider only the
ΔEMM contribution to binding of each residue, as other values
were comparable.
■ RESULTS
Mutants Design and Refolded Enzymes. On the basis of
homology modeling and unbinding simulations of SCSβ from
Blastocystis, pig, and E. coli, with both nucleotides (ATP and
GTP), it was hypothesized that the positively charged residues
Lys46 and Lys114 at the entrance to the binding site act as
gatekeepers, which prevent GTP from binding inside ATP-
speciﬁc Blastocystis SCS.11 Hence, these residues were termed
gatekeeper residues and are thought to control access of the
nucleotide to the binding site. For validation of the “electro-
static gatekeeper eﬀect”, we have designed a gatekeeper mutant
(ED) by changing Lys46 to Glu and Lys114 to Asp in Blastocystis,
which resulted in negative gatekeeper residues similar to those
of pig SCS. Comparison of nucleotide binding sites of SCS
isoforms, from Blastocystis and pig revealed two residues, Val113
and Leu227 in Blastocystis SCS, that correspond to Leu113 and
Phe227 in pig SCS, respectively, and the latter residues were
previously suggested to support GTP binding.11 Therefore, we
designed another nucleotide binding site mutant (LF),
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mutating Val113 to Leu and Leu227 to Phe, mimicking GTP-
speciﬁc Pig SCS binding site residues, in side chain contact with
the nucleotides. In addition, a combined mutant (ED+LF) was
designed by adding both mutations mentioned above, with
negatively charged gatekeeper residues (Glu46 and Asp114) and
nucleotide binding site residues (Leu113 and Phe227) that
completely mimicked the nucleotide binding site environment
of pig SCS. A schematic representation of the “electrostatic
gatekeeper eﬀect” shows that positively charged gatekeeper
residues (KK) in Blastocystis wild-type SCSβ favor adenine,
resulting in ATP aﬃnity (Figure 1A). The gatekeeper mutant
(ED), with negative gatekeeper residues, allowed both adenine
and guanine, resulting in dual nucleotide speciﬁcity (Figure
1B). The combined mutant (ED+LF) on the other hand has
negative gatekeeper residues and favors both purines but results
in only GTP speciﬁcity (Figure 1C). The gatekeeper residues
and nucleotide binding site residues are indicated in the
multiple-sequence alignment of SCSβ subunits from Blastocys-
tis, pig, and E. coli (Figure 2). The refolded wild-type enzyme
and diﬀerent mutants were concentrated and visualized via
SDS−PAGE (Figure 3).
Circular Dichroism Analysis of Wild-Type and Mutant
Enzymes. Wild-type SCS and its various mutants were
expressed in E. coli, puriﬁed, and refolded, and initial velocity
experiments were performed to check the activity of enzymes.
Evaluation of wild-type SCS and its mutant enzymes by CD
spectra (Figure 4) clearly demonstrated that there were no
substantial structural changes in the protein due to mutations in
the gatekeeper residues or nucleotide binding site residues.
Similar CD spectra for all enzymes showed that mutants also
Figure 1. Schematic representation of the “electrostatic gatekeeper eﬀect”. (A) The Blastocystis wild-type SCSβ subunit with positively charged
gatekeeper residues (KK) favoring adenine and enzyme is ATP-speciﬁc. (B) Gatekeeper mutant (ED) favoring both adenine and guanine with
negatively charged gatekeeper residues and showing ATP and GTP speciﬁcity. (C) Combined mutant (ED+LF) favoring adenine and guanine with
negatively charged gatekeeper residues, but ATP binding hindered due to π−π stacking interactions with Phe227, which therefore resulted in an
exclusive GTP-speciﬁc enzyme. The water molecules are colored turquoise, and sugar and phosphate groups are not shown because of the
similarities.
Figure 2. Sequence alignment of SCSβ subunits of Blastocystis, pig, and E. coli. Gatekeeper residues are highlighted in yellow, and nucleotide binding
site residues are highlighted in green. Alignment is done using Clustal W.
Figure 3. Refolded and puriﬁed wild-type and mutant SCS enzymes.
SCSβ and SCSα subunits are shown in the SDS−PAGE gel.
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had a percentage of secondary structure similar to that of wild-
type SCS.
Enzyme Kinetics. For kinetic analysis, assay buﬀers and
other experimental conditions were optimized. Kinetic
parameters of wild-type and mutant SCS enzymes are
summarized in Table 1. The Km of wild-type Blastocystis SCS
for ATP was 145 ± 47 μM, and it showed a kcat/Km value of 96
M−1 s−1 but no detectable activity with GTP (Figure 5A).
Strikingly, our gatekeeper mutant enzyme (ED) showed both
ATP and GTP speciﬁcity but with a clear preference for GTP
(Km = 143 ± 17 μM) over ATP (Km = 230 ± 34 μM) (Figure
5B). The catalytic eﬃciency of the gatekeeper mutant for GTP
was 136 M−1 s−1, compared to a value of 76 M−1 s−1 for ATP,
showing an approximate 2-fold increase with GTP. The
nucleotide binding site mutant (LF) showed a clear preference
for ATP as in the wild type, but with a lower aﬃnity with a Km
of 265 ± 50 μM (Figure 5C). Strikingly, in the combined
mutant, we observed a complete reversal of nucleotide
speciﬁcity. Kinetic analysis of the combined mutant showed a
high aﬃnity for GTP; however, no major detectable ATP
activity was observed (up to 1 mM), and the Km value for GTP
was 82 ± 12 μM. The kcat/Km value of the combined mutant
was 96 M−1 s−1, which showed that it had a catalytic eﬃciency
with GTP similar to that of the ATP-speciﬁc wild-type enzyme
(Figure 5D). These results supported the hypothesis that
negatively charged gatekeeper residues preferred GTP as in the
case of pig SCS, while the nucleotide binding site mutant had
no eﬀect on GTP binding, suggesting that gatekeepers did
control nucleotide access. In addition, the strongest eﬀect was
observed when the electrostatic properties of the gatekeeper
residues were altered and the crucial nucleotide binding site
residues were modiﬁed, which resulted in complete reversal of
nucleotide speciﬁcity.
Molecular Modeling and Simulation Analysis of
Blastocystis SCS and Its Mutants. To investigate the
molecular basis of nucleotide speciﬁcity in Blastocystis SCS,
homology models were constructed using X-ray structures of
SCSβ subunits from pig and E. coli SCS templates. Electrostatic
surface calculations performed on these models showed that
wild-type Blastocystis SCSβ (Figure 6A) and the nucleotide
binding site mutant (LF) (Figure 6B) both had a net positive
surface at the binding site entrance, while the gatekeeper
mutant (ED) (Figure 6C) and combined mutant (ED+LF)
(Figure 6D) both had net negative surfaces at the binding site
entrance. For reference, electrostatic surface charge models
showed a net negative charge at the entrance to the binding site
in pig SCSβ (Figure 6E), while E. coli SCSβ (Figure 6F)
showed a neutral surface at the binding site. The binding free
energies of all eight complexes were calculated by the program
g_mmpbsa using equilibrated molecular dynamics simulation
trajectories to sample ensemble conformers. Although it did not
include the entropy parameter and hence could not be used to
calculate the absolute binding free energy, g_mmpbsa can be
used to estimate the relative binding free energy between
ranges of interacting moieties as well as provide a
decomposition of the residue-wise contribution to binding.
The overall calculated ΔG shows a good correlation with our
experimental results as shown in Table S3, along with the
electrostatic, van der Waals, and solvation energy components
of all the complexes. The ΔG for GTP in the case of the
gatekeeper mutant (ED) and the combined mutant (ED+LF) is
signiﬁcantly larger than that of ATP, and this distinction is
largely from the diﬀerence in the contribution of the
electrostatic component of the calculation. A further examina-
tion of the per-residue contribution to binding (Table S4) from
the same calculation showed that Arg58, part of the conserved
Figure 4. CD spectra of wild-type SCS and its various mutants. The CD spectra (190−260 nm) of the wild type (red), the gatekeeper mutant (ED)
(green), the nucleotide binding site mutant (LF) (violet), and the combined mutant (ED+LF) (brown) are shown.
Table 1. Kinetic Parameters of Various Blastocystis Wild-Type and Mutant SCS Enzymes
ATP GTP
enzyme Km (μM) kcat (s
−1) kcat/Km (M
−1 s−1) Km (μM) kcat (s
−1) kcat/Km (M
−1 s−1)
wild-type SCS 145 ± 47 0.0139 ± 0.002 96 NDa NDa NDa
gatekeeper mutant (ED) 230 ± 34 0.0176 ± 0.001 76 143 ± 17 0.0195 ± 0.001 136
nucleotide binding site mutant (LF) 265 ± 50 0.0177 ± 0.002 66 NDa NDa NDa
combined mutant (ED+LF) NDa NDa NDa 82 ± 12 0.0078 ± 0.0004 96
aNot deﬁned.
Biochemistry Article
DOI: 10.1021/acs.biochem.6b00098
Biochemistry 2017, 56, 534−542
538
GRG motif,14 makes a major contribution to the interaction
with the phosphate anion. The charged residues interacting
with the phosphate anion. The charged residues interacting
with the phosphate and nucleotide binding site residues from
wild-type and mutants are highlighted in Figure 7, which shows
representative conformers used to calculate the binding energy.
■ DISCUSSION
SCS was discovered in the 1950s, and X-ray structures of
complexes with ATP and GTP have been published; however,
the mechanism of its nucleotide speciﬁcity is still not clear.
Traditional models of enzyme recognition suggest that the
process of catalysis is only the function of geometric and
electrostatic complementarity between the active site and
substrate. Here, we have demonstrated that GTP is restricted
from binding to ATP-speciﬁc Blastocystis SCS by positively
charged gatekeeper residues. In this study, we have successfully
reversed the nucleotide speciﬁcity of ATP-speciﬁc SCS to
exclusively GTP-speciﬁc SCS. Computational analysis of
nucleotide binding sites from Blastocystis and pig SCSβ has
identiﬁed 17 residues in close contact with the nucleotides.11
The electrostatic surface charge distributions of Blastocystis, E.
coli, and pig SCS (Figure 6) have clearly demonstrated the
eﬀect of gatekeeper residues on the surface charge, which as a
result aﬀected the speciﬁcity of the corresponding substrates,
i.e., ATP and GTP. Previous studies have reported that pig SCS
(GTP-speciﬁc)14 has negative gatekeeper residues (ED) while
Blastocystis SCS (ATP-speciﬁc)11 has positive gatekeeper
residues (KK). The gatekeeper residues (PD) of E. coli
(nonspeciﬁc)13 allowed SCS to bind to both substrates but
showed a higher aﬃnity for GTP. Therefore, charged
gatekeeper residues were thought to control access of the
nucleotide to the binding site, and thus, we hypothesized that
changing the charge of gatekeeper residues would aﬀect
nucleotide speciﬁcity. The high GTP aﬃnity in the gatekeeper
mutant (ED) of ATP-speciﬁc SCS proved that negatively
charged gatekeeper residues, as in pig SCS allowed access to
GTP in addition to ATP, while all other binding site residues
remained conserved.11 Both nucleotides possess a strong dipole
moment; however, GTP has a second dipole, approximately
orthogonal to the ﬁrst, pointing from the carbonyl oxygen at C-
6 to the amino group at C-2.11 The dipole moments of adenine
and guanine are 2.55 and 6.98 D, respectively.27 The nucleotide
binding site mutant (LF) demonstrated ATP speciﬁcity,
although with a lower aﬃnity, even with GTP supporting Leu
and Phe residues inside the binding site as suggested previously
for pig SCSβ.11 This result clearly showed that GTP did not
have access due to positively charged gatekeeper residues (KK)
in the nucleotide binding site mutant (LF). The combined
mutant (ED+LF) demonstrated a complete reversal of
Figure 5. Enzyme kinetics of Blastocystis SCS. Michaelis−Menten plots for kinetic measurements of Blastocystis SCS with variable concentrations of
ATP and GTP. Graphs show the initial rate vs ATP and GTP concentration: (A) wild-type SCS, (B) gatekeeper mutant (ED), (C) nucleotide
binding site mutant (LF), and (D) combined mutant (ED+LF). In panel C, the LF mutant has a Km higher than the highest substrate concentration
used in the experiment. Replicate values for ATP and GTP are indicated in each graph from three diﬀerent assays.
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nucleotide speciﬁcity with exclusive GTP speciﬁcity. Computa-
tional studies based on binding energy suggest that GTP has a
higher aﬃnity in both the combined mutant and the gatekeeper
mutant. While this is conﬁrmed with the gatekeeper mutant,
ATP hydrolysis is completely abrogated in the combined
mutant. Although the binding energy suggests that GTP has an
enhanced electrostatic interaction in these mutants, we
speculate that the role of phenylalanine is to lock ATP through
π−π interactions in a conformation unfavorable for hydrol-
ysis.28 This may also explain our observation with enzyme
kinetic results in which the LF mutant has a reduced ATP
aﬃnity (Km = 265 ± 50 μM) compared to that of wild-type
SCS (Km = 145 ± 47 μM). However, these calculations and
their interpretation might be inﬂuenced by the initial pose and
ensemble sampling and would require more extensive study
prior to conﬁrmation. Both wild-type ATP-speciﬁc SCS and the
nucleotide binding site mutant (LF) showed the capability of
binding GTP with high aﬃnity, if it was available inside the
binding site. However, this possibility was excluded because of
the gatekeeper residues present in the enzymes mentioned
above, which prevented access of GTP to the binding site. The
results presented above suggested that SCS controlled the
nucleotide access via the electrostatic properties of the
gatekeeper residues. This proposed nucleotide speciﬁcity
mechanism allows independent evolution of the residues
determining the catalysis and selectivity of the enzyme.
Hence, mutations outside the binding site of a “generalist”
Figure 6. Electrostatic surface models of the SCSβ nucleotide binding region. Electrostatic surfaces of the gatekeeper region of SCSβ are indicated
with black ovals. Gatekeeper region in (A) Blastocystis wild-type SCS, (B) nucleotide binding site mutant (LF), (C) gatekeeper mutant (ED), and
(D) combined mutant (ED+LF) showing the eﬀect of the change in charge in the gatekeeper region. (E) The negatively charged gatekeeper region
in pig SCS and (F) the neutral gatekeeper region in E. coli SCS are shown. Red electrostatic surfaces indicate overall negative gatekeeper residues,
whereas blue electrostatic surfaces indicate positive gatekeeper residues. The electrostatic surfaces were prepared by using Modeller9 V1032 and ef-
surf server and visualized in PDBj viewer.
Figure 7. Snapshots of molecular dynamic simulations (frames) for the Blastocystis SCS nucleotide binding site with ATP and GTP. Figures show
ATP and GTP (red color) inside the nucleotide binding site of SCS with Leu227 (green), Lys230 (blue), and Arg58 (sky blue) in all the systems. The
nucleotide binding site mutant (LF) and the combined mutant (ED+LF) have Phe227 (green) in place of Leu227.
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enzyme can evolve toward a “specialist” function with minimal
perturbation of the binding site residues.
There are reports available in which gatekeeper residues have
been explored for discrimination and engineering substrate
speciﬁcity other than SCS. In aminoglycoside 2″-phospho-
transferases (APHs), nucleotide speciﬁcity is controlled by a
bulky Tyr gatekeeper residue. In exclusive GTP-speciﬁc
isoforms, Tyr blocks entry of ATP; thus, adding the Tyr
gatekeeper residue to ATP-speciﬁc isoforms resulted in a high
GTP aﬃnity.29 Computational analysis of DNA polymerase μ
with its cognate and noncognate ligands has suggested the role
of gatekeeper residues in tightening the nucleotide binding
pocket, which in turn alters the electrostatic potential, in
addition to active site distortion by crucial residues.30 In β-
lactamase (BlaC), Ile105 acted as a gatekeeper residue
controlling access of the substrate to active site. Mutation of
a gatekeeper residue (I105F) was thought to open up a space for
increased antibiotic resistance and enhanced catalytic eﬃ-
ciency.31 In addition, in the case of tyrosine kinases, the inactive
enzyme can be activated by mutating a gatekeeper residue
(threonine) at the active site and the hydrophobic spine can be
created by enzyme engineering, which causes kinase
inactivation.32 Cofactor switching has also been shown to be
important in ketol-acid reductoisomerases (KARIs), as NADH-
dependent enzymes have enhanced catalytic eﬃciency
compared to that of the wild-type enzyme with NADPH.33
Unlike the studies mentioned above, our gatekeeper concept
suggests that SCS appears to retain a binding pocket that is
capable of binding either substrate or evolved as an alternate
mechanism of speciﬁcity by changing key residues (charged
gatekeeper residues) controlling access to the binding site of
the enzyme. In this study, our results have demonstrated that
charged gatekeeper residues control the access to the
nucleotide binding site of SCS and substrate speciﬁcity could
be engineered by altering the electrostatic properties of the
gatekeeper residues, and further nucleotide binding site
modiﬁcations were necessary for complete reversal of
nucleotide speciﬁcity. This gatekeeper hypothesis validated a
new role of gatekeeper residues in molecular recognition of
ligands on the basis of electrostatic properties. This study
emphasized the emerging role of gatekeeper residues in
switching the substrate speciﬁcity of SCS. This ﬁnding has
implications for the molecular evolution of enzymes as well as
for structure-based drug design and modiﬁcation of substrate
speciﬁcity of various enzymes for use in various industrial
applications.
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